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Abstract 
The desire to reduce cost in helicopter components has meant that manufacturing/production engineering is always 
looking into novel machining processes. However, before these processes can be adopted by manufacturing, the effect 
that these machining techniques can have on fatigue performance will need to be assessed and characterized. The 
paper aims to present examples of three machining techniques which were identified by manufacturing/production 
engineering as offering distinct benefits over machining processes currently used in the manufacture of helicopter 
components for AgustaWestland Limited (AWL), namely:- 
1. Thread Milling. 
2. Hard Turning. 
3. High Speed Machining. 
The paper will present the results of the assessments that were carried out by the AWL Materials Technology 
Department, in order to characterize each process against the methods that are currently used by AWL in the 
manufacture of critical helicopter parts. 
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1. Main Rotor Head (Lynx) 
1.1 Thread Milling Vs Machine Tapping 
1.1.1 Introduction 
In the mid 1990’s the Lynx Semi Rigid Main Rotor 
Head was extensively redesigned in which the two main 
changes were:- 
x The titanium alloy was changed from annealed 
Ti-6Al-4V to solution treated & aged Ti-10V-
2Fe-3Al [1] in order to achieve a 20% 
improvement in fatigue life. 
x The design was simplified resulting in a 50% 
reduction in manufacturing cost.  
As part of the design simplification the cruciform (Disc) 
was bolted onto the drive shaft (Mast) using a series of 
18 mm attachment bolts and dowels to resist torsional 
loading, see Figure 1. During the design phase 
Production Engineering requested a change to the 
manufacturing method used in the production of the 
threaded holes from machine tapping to thread milling. 
The reason for the requested change was that thread 
milling [2] offers distinct advantages in terms of superior 
surface finish, greater flexibility, lower inventory costs 
and greater usable thread depth when compared to 
tapping. A series of small 10 mm threaded holes to 
accommodate the lifting eye at the top of the Disc, as 
shown in Figure 1 was also part of the thread milling 
investigation. In both cases wire thread inserts were 
fitted to the holes to improve the load distribution and 
enhance durability. 
1.1.2 Test Program and Specimen Design 
The type of axial specimen used for the fatigue test 
program is shown schematically in Figure 2a for the 10 
mm thread milled holes. The samples were first 
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manufactured from four individual Rotor Head Sleeve 
forgings before being subdivided into two batches. In 
one batch the threads were machined into fatigue 
samples in accordance with the current Mast thread 
tapping standard while the other was machined using the 
proposed thread milling method. Details concerning the 
machining parameters and wire thread inserts used for 
the 10 mm holes are shown in Table 1. Fatigue testing 
was carried out on a 250 kN Mayes servo-hydraulic 
machine at a frequency of 50 Hz. The specimens were 
loaded via the 48 mm external thread and through the 
slave stud screwed into the wire threaded insert. The 
slave stud was attached to the test machine load cell by a 
series of locking nuts connected to an adaptor. The 
fatigue samples were tested using a load of P ± 4P at 
various alternating loads in order to generate a fatigue 
curve. Tensile and micro-hardness testing was carried 
out in accordance with BS EN10002-1 and ASTM E384 
respectively. 
 
1.1.3 Test Results 
The results from the tensile and hardness testing are 
shown in Table 2. Although slight differences in the 
strength were observed between the two test groups both 
were fully compliant with regard to the drawing and 
material specification requirements. The fatigue results 
obtained are shown in Figure 3 in which a difference of 
approximately 60% in performance between thread 
milling and machine tapping was observed, as 
summarised in Table 2. A similar reduction in fatigue of 
55% was observed in the larger 18 mm diameter holes. 
Examination of the failures confirmed the primary 
failure site was in the thread root. 
 
Table 1 – Machining Parameters and Insert Description 
 
Machining 
Process 
Tool 
Type 
Feed 
Rate 
(mm/rev) 
Cutting 
Speed 
(m/min) 
Wire Thread Insert 
Description 
Machine 
Tapped 
HSS 0.15 3 Cross 
Spiralock18349002 
Silver plated 
Thread 
Milled 
HSS 0.20 40 
 
Table 2 - Property Comparison between Thread Milling & Machine 
Tapping  
 
Machining 
Process 
 
Fatigue 
Endurance 
(kN) 
UTS 
(MPa) 
 
Elongation 
(%) 
 
Thread 
Root 
Hardness 
(HV) 
Machine Tapped 13.3 1176 7.9 332 
Thread Milled 6.1 1212 7.7 303 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 – Schematic Diagram Showing the Configuration of the Lynx 
BMRH and the Location of Threaded Holes in the Titanium Ti-10V-
2Fe-3Al Mast and Disc 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 – Test Piece Configuration for (a) Thread Milling and (b) 
Thread Turning Trials 
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1.1.4 Discussion and Conclusions 
Statistical analysis of the data using a student t criterion 
[3] confirmed the data was statistically significantly 
different and therefore changing from machine tapping 
to thread milling would add an unacceptable risk to the 
test program, consequently, thread milling was not 
adopted on the Lynx BMRH. The most probable reason 
for the differences in fatigue performance between 
machining methods is considered to be primarily due to 
the degree of mechanical deformation. For example 
fractographic examination carried out on Scanning 
Electron Examination (SEM) confirmed the primary 
fatigue origins on all samples were in the thread roots. In 
the case of the machined threads a higher degree of 
deformation, as measured by surface hardness and 
surface topography, shown in Figure 4 respectively was 
observed. Such a result confirms one of the advantages 
claimed for thread milling, that of enhanced surface 
finish. However, although residual stress measurements 
could not be taken from these samples due to the test 
configuration, the higher level of surface deformation 
attributable to thread tapping, as measured by an 
increase in hardness in the thread root, see Table 2 could 
be having a positive effect on fatigue performance [4]. 
This assumption was confirmed based on the results 
observed on testing that was carried out on thread milled 
holes manufactured in low alloy steel BS S97, as 
detailed in Figures 5 and 6. From Figure 5 it can be seen 
that by subjecting the thread milled holes to additional 
working through hand tapping, the lower fatigue 
properties attributable to thread milling were restored to 
the level of a machine tapped hole. When the different 
machined surfaces were examined in the SEM, distinct 
differences in surface topography were found as shown 
in Figure 6. For example it can be seen that the smoother 
surface finish attributable to thread milling, Figure 6a, 
has been roughened, see Figure 6c, to the same level as 
was found with machine tapping Figure 6b. 
 
Figure 3 – Fatigue Results for Thread Milling and Machine Tapping 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 – Difference in Surface Topography between (a) Machine 
Tapping and (b) Thread Milling  
 
Figure 5 – Fatigue Results for Thread Milling, Machine Tapping and 
Thread Milling with Additional Hand Tapping 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 – Different Surface Topographical Features Observed 
Between (a) Thread Milling, (b) Machine Tapping & (c) Thread 
Milling followed by Hand Tapping 
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2. Main Rotor Drive Shaft (Sea King) 
2.1 Grinding Vs Turning 
2.1.1 Introduction 
In 2004 a request was received from Production 
Engineering to change the manufacturing method used 
in the production of the 127 mm (5”) buttress threads 
used on the Main Rotor Drive Shaft (see Figure 7) from 
grinding to turning. The reason for the request was the 
need to improve manufacturing flexibility, enhance 
quality and reduce cost. Based on a review of the ESDU 
literature [5] it was concluded that while the fatigue 
endurance of cut threads would appear to be similar to 
ground threads the data was insufficient to implement 
such a manufacturing change without additional testing. 
While it as considered impractical to test the 5” diameter 
buttress thread using laboratory scale coupons based on 
a review of EDSU data [6] it would appear that thread 
size and form are largely insensitive to size effects. 
Consequently, a back to back fatigue test program was 
initiated in order to validate the change of machining 
method. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7 – Schematic Diagram of the Sea King Main Gear Box 
showing the Main Rotor Mast and Location of the Buttress Threads 
 
2.1.2 Test Program and Specimen Design 
The type of axial specimen used is shown schematically 
in Figure 2b. The samples were manufactured from a 
single batch of 4340 low alloy steel bar heat treated to 
200 to 220 ksi (1380 to 1515 MPa). Tensile test pieces 
were manufactured and tested in accordance with BS 
EN10002-1. One batch of fatigue samples was 
manufactured in accordance with the current Main Rotor 
Shaft thread grinding standard while the other was 
machined using the proposed thread turning method, as 
detailed in Table 3. Fatigue testing was carried out on an 
Amsler Vibrophore at a frequency of nominally 175 Hz. 
The specimens were loaded via the 48 mm external 
thread and the 16 mm thread which was attached to the 
fatigue machines load cell adaptor. The fatigue samples 
were loaded using a mean load of 25 kN and tested at 
various alternating loads in order to generate a fatigue 
curve. Surface residual stress measurements were carried 
out by X-Ray diffraction using the Sin2ψ method. 
 
Table 3 – Machining Parameters and Tool Description 
 
Machining 
Process 
Tool 
Type 
Depth of 
Cut 
(mm) 
Cutting 
Speed 
(m/min) 
Ground Al203 0.4 – 0.05 200 
Turned TiN Coated Cermet 0.1 - 0.05 70 
 
2.1.3 Results 
Tensile test results confirmed the properties were fully 
compliant with regard drawing requirements (i.e. UTS 
215.6 ksi [1485 MPa] & elongation 10.3%). The fatigue 
results obtained are shown in Figure 8, in which the 
difference in performance between grinding and turning 
would appear to be negligible. 
 
2.1.4 Discussion and Conclusions 
By statistically analyzing the data using the F 
(population standard deviation) and t (population mean) 
criterion [3] as detailed in Table 4, it would appear that 
while the mean endurance limit attributable to the turned 
thread is marginally superior to the ground thread, the 
data was considered to be from the same population and 
therefore not statistically significant. Hence it was 
concluded that thread turning could be used in the 
machining of threads in the Main Rotor Drive Shaft.  
It is interesting to note that when surface residual stress 
measurements were carried out in the roots of the 
threads, the ground samples exhibited larger 
compressive stress, which is known to be beneficial to 
high cycle fatigue endurance [7]. However, as the 
location of the fatigue failures were in the root of the 
threads, the effect of the stress concentration from the 
thread would appear to be overriding the effect of the 
higher level of surface residual compressive stress. Such 
a result is not surprising as stress concentrations are well 
known to reduce the initiation phase and hence are less 
likely to be influenced by residual stress [8]. Although 
material removal rate was lower with turning this was 
more than offset by greater manufacturing flexibility. 
 
Figure 8 – Fatigue Results for Ground and Turned Buttress Threads 
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Table 4 Property Comparison between Grinding & Turning  
 
Machining 
Process 
 
Fatigue 
Endurance 
(MPa) 
Sample 
Variance 
Sample 
Standard 
Deviation 
Residual 
Stress 
(MPa) 
Ground 10.40 5.30 2.30 -183 
Turned 11.09 1.74 1.32 -103 
 
3. Tail Cone (AW159 Wildcat) 
3.1 Conventional Machining (CM) Vs High Speed 
Machining (HSM) 
3.1.1 Introduction 
HSM machining is extensively used in the fixed wing 
industry to manufacture large monolithic structural items 
from aluminium plate [9-11] where genuine cost saving 
have been achieve by the elimination of large numbers 
of individual fabricated details. Based on a review 
carried out by the AWL Design office, similar cost 
savings were also considered possible by replacing a 
fabricated tail cone (i.e. comprising individual 
longerons, stringers and skins with a monolithic HSM 
design of integral longerons, stringers and skins, as 
shown in Figure 9. Moreover, the monolithic design 
would offer performance enhancements in terms of 
strength (25%) and weight (5%). However, as 
helicopters are much more sensitive to reductions in 
fatigue strength because of the fundamentally different 
fatigue operating environment in terms of high 
frequency rotor induced fatigue cycles superimposed on 
Ground-Air-Ground and manoeuvre cycles, a program 
of work was initiated in early 2000 to assess the relative 
performance of HSM when compared to CM. 
 
 
(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
 
 
 
Figure 9 – Schematic Diagram of the AW159 Wildcat Tail Cone 
Showing (a) Original Fabricated and (b) New Monolithic Construction 
 
3.1.2 Test Program and Specimen Design  
Three point bend and tensile specimens conforming to 
the dimensional requirements given in ASTM E466 and 
BS EN10002-1 respectively was used to assess the 
fatigue and static performance. Residual stress 
measurements were carried out using X-ray diffraction 
and the Sin2ψ technique. Surface roughness (Ra) 
measurements were made using a 12.5 mm traverse. All 
the samples were manufactured from a representative BS 
L77 forging. Representative pockets were machined into 
the forging to the current component dimensional limits 
as defined on the machining drawing. One area was 
machined using conventional machining techniques 
while the other was machined using High Speed 
Machining techniques, as detailed in Table 5. Tensile 
and fatigue test pieces together with residual stress and 
surface roughness measurements were taken from these 
two separate locations. Optical examination was also 
carried out in order to visually assess surface 
topographical features. Fatigue testing was carried out 
on a Mayes servo-hydraulic test machine at a frequency 
of 10 Hz. The fatigue samples were tested using a load 
ratio of -1.1P ± P at various alternating loads in order to 
generate a fatigue curve.  
 
3.1.3 Results 
Regardless of the location from which the tensile test 
pieces were extracted the results were fully compliant 
with material specification requirements, as detailed in 
Table 6. The fatigue results obtained are shown in Figure 
10 in which the difference in performance between HSM 
and CM would appear to be negligible. Slight 
differences in surface roughness, surface topography 
(Figure 11) and residual stress were observed however 
the differences were considered to be negligible. 
 
Table 5 Machining Parameters  
 
Machining 
Process 
Tool 
Diameter 
(mm) 
Helix 
Angle 
(Degree) 
Depth of Cut 
(mm) 
Feed Rate 
(mm/min) 
CM 20 30 
5 (rough) & 
0.5 (finish) 
1200-1600 
HSM 20 47 
3 (rough) & 
0.5 (finish) 
5000-8000 
 
3.1.4 Discussion and Conclusions 
By statistically analyzing the data using the F 
(population standard deviation) and t (population mean) 
criterion [3] it would appear that while the mean 
endurance limit attributable to CM was marginally 
superior to HSM, the data was considered to be from the 
same population and therefore not statistically 
significantly different, validating the change of 
machining technique from CM to HSM. 
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Although surface finish and residual stress are known to 
influence HCF [12] from the data summarized in Table 
6, it can be seen that the differences were not sufficiently 
large to significantly affect fatigue performance. 
 
Table 6 – Property Comparison between CM & HSM  
 
Machining 
Process 
 
UTS 
(MPa) 
 
Elongation 
(%) 
 
Surface 
Roughness 
(μm) 
Residual 
Stress 
(MPa) 
Conventional 
Machining 
460 13.9 0.67 20 
High Speed 
Machining 
456 14.5 0.81 -8 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10 – Fatigue Results for High Speed and Conventional 
Machining 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11 Surface Topography Differences between (a) CM & (b) 
HSM 
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